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INTRODUCTION {#wrna1356-sec-0001}
============

MicroRNAs (miRNAs) are the regulatory small RNAs that control gene expression by inhibition of translation or degradation of messenger RNAs (mRNAs) containing a complementary sequence. To degrade the target mRNAs, miRNAs need to be loaded onto AGO proteins, forming a ribonucleoprotein complex called the RNA‐induced silencing complex (RISC).[1](#wrna1356-bib-0001){ref-type="ref"}, [2](#wrna1356-bib-0002){ref-type="ref"}, [3](#wrna1356-bib-0003){ref-type="ref"} A complex of an AGO and a guide strand alone is referred to as 'the mature RISC' or simply 'the RISC,' the latter of which will be used throughout this review. The same complex is also called 'the RISC core' in the context when the RISC stands for a huge complex including many components required for translational repression and/or deadenylation. The bound guide strand takes the RISC to the target mRNAs, which often possess the sequence complementarity to the guide in the 3′ untranslated region (3′ UTR). For efficient degradation of target mRNAs, the RISC requires GW182 (glycine‐tryptophan protein of 182 kDa). This protein family facilitates the translational repression while triggering mRNA decay by recruiting the CCR4--NOT deadenylase complex[4](#wrna1356-bib-0004){ref-type="ref"}, [5](#wrna1356-bib-0005){ref-type="ref"}, [6](#wrna1356-bib-0006){ref-type="ref"} (Figure [1](#wrna1356-fig-0001){ref-type="fig"}). This posttranscriptional gene regulation is called miRNA‐mediated gene silencing. In contrast, small interfering RNAs (siRNAs) derived from perfectly complementary RNA duplexes are also incorporated into AGO proteins. The effector complex binds mRNAs containing a fully complementary sequence and endonucleolytically cleaves them. This regulation is referred to as RNA interference (RNAi). RNA silencing with these small RNAs is seen throughout eukaryotes even in some budding yeast species, such as *Saccharomyces castellii* and *Kluyveromyces polysporus*, but not in *Saccharomyces cerevisiae*.[7](#wrna1356-bib-0007){ref-type="ref"}, [8](#wrna1356-bib-0008){ref-type="ref"}

![Canonical biogenesis of miRNA in the human system. The gene of a miRNA is transcribed into primary miRNA (pri‐miRNA) and processed by the microprocessor, a complex of an RNase III enzyme Drosha, and its binding partner DGCR8. The product, pre‐miRNA, is transported to the cytoplasm and then cropped at its loop by Dicer. Eventually, the miRNA duplex is loaded onto an AGO protein to form the RISC. The N, PAZ, MID, and PIWI domains of the cartoon of AGO are colored in cyan, pink, wheat, and green, respectively. For clarity, two linker regions L1 and L2 are not shown. After binding to the target mRNAs, the RISC serves as a scaffold for GW182 and CCR4--NOT deadenylase complex that facilitates the mRNA degradation. The nucleotide region serving as the miRNA is colored in red. The generated 5′ monophosphate during the miRNA biogenesis is depicted as a yellow sphere. GW182 interacts with the RISC and poly‐(A) binding proteins (PABP) within its N‐terminal and C‐terminal regions, respectively. The process of the RISC assembly discussed in this review is highlighted with a dotted line.](WRNA-7-637-g007){#wrna1356-fig-0001}

Recent studies have revealed that loading of siRNA and miRNA duplexes requires heat shock cognate protein 70 (Hsc70), heat shock protein 90 (Hsp90), and their co‐chaperones.[9](#wrna1356-bib-0009){ref-type="ref"}, [10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"}, [12](#wrna1356-bib-0012){ref-type="ref"} Using an ATP‐dependent conformational change, these proteins alter guide‐free AGO so as to load bulky RNA duplexes in the nucleic acid‐binding channel. This mechanism is similar to that of the activation of steroid hormone receptors upon the incorporation of the cognate ligand by the Hsp90 chaperone.[12](#wrna1356-bib-0012){ref-type="ref"}, [13](#wrna1356-bib-0013){ref-type="ref"}, [14](#wrna1356-bib-0014){ref-type="ref"} Nowadays, gene knockdown using small RNAs, such as siRNA duplexes, small hairpin RNAs, and miRNA mimics, is a common strategy to repress the expression of a gene of interest, yet little is known about how the regulatory RNAs are loaded onto AGO proteins and how the strands are separated to form the RISC. Further understanding of the molecular mechanism is required for the development of RNAi‐based therapy. This review focuses on the RISC assembly and discusses possible mechanisms of loading and passenger ejection to form the effector complex for gene silencing. (Historically, the process of separating the loaded duplex and discarding one of the strands has been called 'unwinding.' This term has been used to describe the process in which helicases separate DNA/RNA duplexes using the energy of ATP hydrolysis. In contrast, the strand separation of the miRNA and siRNA duplexes occurs without ATP hydrolysis. To avoid projecting a false impression, the step of separating duplexes and discarding the passenger strand is rephrased as 'passenger ejection' in this review.)

MICRORNA BIOGENESIS {#wrna1356-sec-0002}
===================

miRNA Processing Machinery {#wrna1356-sec-0003}
--------------------------

There exist several avenues to generate miRNAs.[15](#wrna1356-bib-0015){ref-type="ref"} The pathway shown in Figure [1](#wrna1356-fig-0001){ref-type="fig"} depicts the long journey of canonical miRNA biogenesis in humans. The genes of miRNA are transcribed by RNA polymerase II in the nucleus[16](#wrna1356-bib-0016){ref-type="ref"} and folded back on the primary miRNAs (pri‐miRNAs) into a stem‐loop structure. The flanking single‐stranded parts are cleaved by a microprocessor composed of an RNase III enzyme, Drosha, and its binding partner, DGCR8 (DiGeorge syndrome chromosomal region 8) into precursor miRNA (pre‐miRNA).[17](#wrna1356-bib-0017){ref-type="ref"}, [18](#wrna1356-bib-0018){ref-type="ref"}, [19](#wrna1356-bib-0019){ref-type="ref"} The product is exported to the cytoplasm by exportin‐5,[20](#wrna1356-bib-0020){ref-type="ref"} and the loop region is cropped by another RNase III enzyme, Dicer.[21](#wrna1356-bib-0021){ref-type="ref"} The resultant guide--passenger duplex (miRNA/miRNA\* duplex where miRNA\* stands for the passenger strand) that possesses the hallmarks of a 5′ monophosphate and a 2‐nucleotide (nt) 3′ overhang at both termini is loaded onto an AGO protein, followed by passenger strand ejection, to form a RISC.

In contrast, many noncanonical miRNAs that exploit the RNA metabolic activities for maturation have been discovered. For example, bypassing pre‐miRNA processing by Dicer, pre‐miR‐451 with its stem‐loop structure is directly loaded onto Argonaute2 (hAGO2).[22](#wrna1356-bib-0022){ref-type="ref"}, [23](#wrna1356-bib-0023){ref-type="ref"} Some transcripts from introns, viral genomes, and tRNAs are processed in a Drosha‐independent manner. Despite structural differences, these canonical and noncanonical miRNAs are eventually incorporated into AGO proteins, indicating the protein\'s capability to accommodate several different types of structured RNAs. This process is quite important because the AGO protein selects one of the two strands as a guide as well as discriminates the licensed RNAs from others. Given that AGO proteins cannot release the bound guide strand except for a special case,[24](#wrna1356-bib-0024){ref-type="ref"} the loading step is the single opportunity to choose a guide strand with which the AGO protein will spend the remainder of its life.

Structure of the RISC {#wrna1356-sec-0004}
---------------------

In hAGO‐RISCs, the 5′ monophosphate and base moiety at position 1 of the guide strand are recognized between the MID and PIWI domains, while the 3′ end is anchored through its sugar‐phosphate backbone at the PAZ domain (Figure [2](#wrna1356-fig-0002){ref-type="fig"}(a) and (b)). The seed region of the guide strand (positions 2--8) is thoroughly recognized through the 2′ hydroxyl groups and phosphate backbone in the nucleic acid‐binding channel.[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"} The base moieties at positions 2--4 are well exposed to the solvent for scanning target mRNAs, which is consistent with the results of the studies of the interaction between the RISC and target strands using single‐molecule fluorescence.[28](#wrna1356-bib-0028){ref-type="ref"}, [29](#wrna1356-bib-0029){ref-type="ref"}, [30](#wrna1356-bib-0030){ref-type="ref"}, [31](#wrna1356-bib-0031){ref-type="ref"} All of the crystal structures of the RISC, except for one case[32](#wrna1356-bib-0032){ref-type="ref"} (Figure [2](#wrna1356-fig-0002){ref-type="fig"}(a): PDB ID: 4W5N), show a similar trajectory of the bound guide RNA with its disordered middle segment[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [32](#wrna1356-bib-0032){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} (Figure [2](#wrna1356-fig-0002){ref-type="fig"}(b)).

![Structures of the RISC of human Argonaute2 (a: PDB ID: 4W5N) and Argonaute1 (b: PDB ID: 4KXT). The transparent surface models of hAGOs are drawn with the same color codes as in Figure [1](#wrna1356-fig-0001){ref-type="fig"}. The linkers, L1 and L2, are colored in yellow and gray, respectively. The nucleic acid‐binding channels are highlighted with dotted lines. The guide RNA (red) is depicted as a ribbon model. The disordered parts of the guide are shown as dotted lines.](WRNA-7-637-g008){#wrna1356-fig-0002}

Components Involved in Duplex Loading {#wrna1356-sec-0005}
-------------------------------------

The mechanism of duplex loading has been well studied in the fly system. A complex containing Dicer‐2 and R2D2 is essential for the assembly of fly Ago2‐RISC, thereby being called RISC‐loading complex (RLC). R2D2, which contains tandem double‐stranded RNA‐binding domains, recognizes the thermodynamically stable terminus of siRNA duplexes, while Dicer‐2 binds the less stable end.[35](#wrna1356-bib-0035){ref-type="ref"}, [36](#wrna1356-bib-0036){ref-type="ref"}, [37](#wrna1356-bib-0037){ref-type="ref"}, [38](#wrna1356-bib-0038){ref-type="ref"} The binding manner of Dicer‐2/R2D2 to the duplex reinforces the intrinsic asymmetric guide selection of fly Ago2 by receiving the less stable distal end at the MID domain. R2D2 also plays a role to avoid loading of endogenous siRNAs onto fly Ago1,[39](#wrna1356-bib-0039){ref-type="ref"}, [40](#wrna1356-bib-0040){ref-type="ref"}, [41](#wrna1356-bib-0041){ref-type="ref"}, [42](#wrna1356-bib-0042){ref-type="ref"} which otherwise may incorporate both siRNA and miRNA duplexes like hAGO proteins that do not have such a small‐RNA sorting system. The significance of Dicer‐2 and R2D2 for duplex loading in flies is evidenced by the deficiency of Ago2‐mediated RNAi in the dcr‐2 null cells.[43](#wrna1356-bib-0043){ref-type="ref"} In contrast, dicer‐null murine embryonic cells cannot trigger RNAi by long siRNAs, which need to be processed by Dicer, but retains the ability to repress gene expression by siRNAs,[44](#wrna1356-bib-0044){ref-type="ref"} suggesting that siRNA duplexes are loaded onto the AGO proteins in the absence of Dicer. Moreover, recent studies indicate that Dicer is not necessary for asymmetric duplex loading in mammals.[45](#wrna1356-bib-0045){ref-type="ref"}, [46](#wrna1356-bib-0046){ref-type="ref"} These results clearly show that fly Ago2 possesses a different property from that of fly Ago1 and mammalian AGO proteins. Even though Dicer is dispensable for duplex loading in mammals, the existence of a complex containing Dicer‐hAGO‐TRBP (TAR‐RNA‐binding) has been confirmed *in vivo* and *in vitro*.[47](#wrna1356-bib-0047){ref-type="ref"}, [48](#wrna1356-bib-0048){ref-type="ref"}, [49](#wrna1356-bib-0049){ref-type="ref"} TRBP contains several double‐stranded RNA‐binding domains like R2D2. The physiological significance of forming the complex in humans still remains unclear. Although this complex was also named RLC, it should be noted that the RLC for fly Ago2 is composed of only Dicer‐2 and R2D2 alone.

Meanwhile, it is known that loading of small RNA duplexes onto AGO proteins requires the ATP‐dependent chaperone activity of Hsc70/Hsp90 in humans as well as in flies and plants,[9](#wrna1356-bib-0009){ref-type="ref"}, [10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"}, [12](#wrna1356-bib-0012){ref-type="ref"} possibly by opening the nucleic acid‐binding channel of the AGO protein widely enough to accommodate the bulky duplex. With the aid of the chaperone systems, loading proceeds in an asymmetric manner in which the MID domain preferentially recognizes a thermodynamically unstable terminus of the duplex. As a result, the passenger strand whose 5′ end is not recognized by the MID domain is ejected from the channel, while the remaining guide strand and the AGO form the RISC.

RISC ASSEMBLY COMPLETES THE COMPOSITE STRUCTURE {#wrna1356-sec-0006}
===============================================

AGO proteins have been roughly classified into four states based on the types of the bound substrate(s): apo (no substrate), pre‐RISC (with a passenger and a guide), RISC (with a guide), and target complex (with a guide and a target) (Figure [3](#wrna1356-fig-0003){ref-type="fig"}). The transitions from the apo form to the pre‐RISC, from the pre‐RISC to the RISC, and from the RISC to the target complex correspond to duplex loading, passenger ejection, and target recognition, respectively. In this review, the existence of an intermediate state, hereafter referred to as 'primary RISC (pri‐RISC),' between the apo and the pre‐RISC is proposed and explained later (Figure [3](#wrna1356-fig-0003){ref-type="fig"}). Thus far, most of the crystal structures of eukaryotic AGO proteins were determined in the RISC state[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} while the several structures were the target complex of hAGO2.[32](#wrna1356-bib-0032){ref-type="ref"}, [50](#wrna1356-bib-0050){ref-type="ref"} The structural comparison of these two states provided insight into the molecular mechanism of the target‐mRNA incorporation. In contrast, no structure of full‐length eukaryotic AGO protein in the apo form or pre‐RISC has been determined. This has hampered the understanding of the molecular bases for loading and passenger ejection. The crystal structure of the isolated MID--PIWI domains from *Neurospora crassa* QDE2 (Quelling DEfective) is the only structural information about guide‐free AGO protein from eukaryotes[51](#wrna1356-bib-0051){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(a), PDB ID: 2YHA). The comparison of this structure with those of archaeal and bacterial AGO proteins in apo form[52](#wrna1356-bib-0052){ref-type="ref"}, [53](#wrna1356-bib-0053){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(b) and (c), PDB IDs: 1U04 and 1YVU) indicates differences in the relative position of their MID domain against the PIWI domain (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(d)). In contrast, the MID and PIWI domains of the *Thermus thermophilus* AGO‐ (TtAGO), yeast *K. polysporus* AGO‐ (KpAGO), human Argonaute1‐ (hAGO1), and hAGO2‐RISCs are structurally well aligned across species[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"}, [54](#wrna1356-bib-0054){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(e), PDB IDs: 3DLH, 4F1N, 4F3T, 4OLA, 4F3T, 4KRE, 4KRF, and 4KXT). This observation raises a hypothesis that the MID domain is hinged to the PIWI domain and free to move in the absence of guide strand. Limited proteolysis with thermolysin digested guide‐free hAGO2 into two fragments corresponding to the N‐PAZ and MID--PIWI lobes. The molecular weight of the MID--PIWI fragment (about 50 kDa)[25](#wrna1356-bib-0025){ref-type="ref"} indicates the cleavage site in the L2 linker interacting with the MID and PIWI domains. Furthermore, the generated MID--PIWI fragment was rapidly cleaved between the MID and PIWI domains. However, hAGO2 became resistant to proteolysis after incorporation of the guide strand. These results suggest the flexibility between the MID and PIWI domains. The idea of the hinged MID domain is further supported by the structure of TtAGO in complex with a 10‐nt DNA guide (PDB ID: 3DLB).[54](#wrna1356-bib-0054){ref-type="ref"} As 10 nucleotides are too short to be captured at both termini by the AGO, only the guide 3′ end is recognized at the PAZ domain whereas the 5′ end does not reach the MID domain. As a result, the last 40 residues encompassing the loop L4 to the C‐terminal carboxyl group are completely disordered, and the MID domain occupies the missing space (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(f) and (g)). This indicates that guide‐free AGO proteins exist in an open conformation where the interface between the MID and PIWI domains is exposed to solvent while the C‐terminal region remains unfolded. This hypothesis could be evidenced by the phosphorylation sites of hAGO2. One of the five sites, Y529 on the MID domain, is located at the interface with the PIWI domain (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(h)). This tyrosine interacts at its hydroxyl group with the 5′ monophosphate of the bound guide strand.[25](#wrna1356-bib-0025){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"} A substitution of glutamate for Y529, which mimics a phosphorylated tyrosine, dramatically reduced binding of small RNAs,[55](#wrna1356-bib-0055){ref-type="ref"} suggesting that the phosphorylated hydroxyl group no longer hydrogen‐bonds with the 5′ monophosphate. Another phosphorylation site, S798 on the loop L4, also interacts at its hydroxyl group with the phosphate backbone of the guide strand at position 5[25](#wrna1356-bib-0025){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(h)). Therefore, the phosphorylation of this serine appears to affect binding of small RNAs as well. The crystal structure of hAGO2‐RISC, however, indicates that these phosphorylation sites are not accessible to kinases if the guide‐free hAGO2 retains the same structure as the RISC[27](#wrna1356-bib-0027){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(h)). Thus, phosphorylation of Y529 and S798 strongly supports the idea that guide‐free hAGO2 exposes the interface between the MID and PIWI domains, possibly along with the stretched loop L4, to solvent (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(i)).

![RISC assembly pathways and the downstream events in human system. (a) Catalytically active hAGO2 has two pathways dependent on the types of duplex loaded. The cleavage activity is depicted as scissors. This review proposes the existence of an intermediate state named 'primary RISC (pri‐RISC)' between the apo and the pre‐RISC. In this state, only the 5′ monophosphate is captured by the MID domain alone while the rest of the duplex is still exposed to solvent. (b) Catalytically inactive (slicer deficient) AGO proteins, hAGO1, hAGO3, and hAGO4, load siRNA and miRNA duplexes. Their RISC assembly is slicer independent regardless of the types of duplex.](WRNA-7-637-g005){#wrna1356-fig-0003}

![Structural evidence of an open conformation of guide‐free AGO proteins. (a--c) Crystal structures of *Neurospora crassa* QDE2 MID--PIWI domains (a: PDB ID: 2YHA), *Pyrococcus furiosus* AGO (b: PDB ID: 1U04), and *Aquifex aeolicus* AGO (c: PDB ID: 1YVU). For clarity, only the MID (wheat) and PIWI (light green) domains are shown in the ribbon models. The corresponding C‐terminal region that is disordered in TtAGO in complex with a guide of 10 nucleotide (nt) (see g) is colored in green. The MID domain is also drawn as a surface mode. The α‐helix on which the conserved tyrosine is stacked with the first nucleotide base of guide strand is colored in chocolate. (d) Superposed structures of (a)--(c) on their PIWI domain. The MID domains of NcQDE2, PfAGO, and AaAGO are colored in cyan, pink, and blue, respectively. Otherwise, the color code is the same as (a)--(c). (e) Superposed structures of TtAGO‐, KpAGO‐, hAGO1‐, and hAGO2‐RISCs (PDB IDs: 3DLH, 4F1N, 4KXT, and 4OLA, respectively) on their PIWI domain. The MID domains of TtAGO, KpAGO, hAGO1, and hAGO2 are colored in orange, cyan, blue, and pink, respectively. (f--g) Crystal structures of TtAGO in complex with a guide of 21 nt (f: PDB ID: 3DLH) and of 10 nt (g: PDB ID: 3DLB). The color code is the same to (a)--(c). (h) Positions of the phosphorylation sites, Y529 (cyan) and S798 (purple), on hAGO2. The structure of hAGO2‐RISC (PDB ID: 4OLA) is drawn as a surface model except for the MID domain that is shown as a cylinder model. The MID and PIWI domains are colored in wheat and light green, respectively. The bound guide RNA (red) is shown as a ribbon model. The guide is not shown on the right panel for clarity. (i) A hypothetical model of RISC assembly. Guide‐free AGO protein opens the hinged MID‐PIWI domains while the unstructured C‐terminal fragment (green) may be extended to solvent.](WRNA-7-637-g002){#wrna1356-fig-0004}

PROFOUND CONNECTIONS BETWEEN RISC ASSEMBLY AND CHAPERONES {#wrna1356-sec-0007}
=========================================================

AGO Protein Was Discovered by Its Interaction With Chaperones {#wrna1356-sec-0008}
-------------------------------------------------------------

Rat AGO protein was originally discovered as a membrane‐associated protein named GERp95 (Golgi‐Endoplasmic Reticulum Protein 95 kDa).[56](#wrna1356-bib-0056){ref-type="ref"} Although the physiological function was not identified at that time, it was already known that this protein binds Hsc70, Hsp90, Hsp40 (also known as Hdj‐2: Human DnaJ protein 2), Hop (Hsp70/Hsp90 Organizing Protein homolog), and p23. Hsc70 and Hsp90 are monomeric and dimeric molecular chaperones, respectively, that work together for a vast number of proteins to assist their protein folding and regulate their activation.[57](#wrna1356-bib-0057){ref-type="ref"}, [58](#wrna1356-bib-0058){ref-type="ref"} Hsp40, together with Hsc70, helps nascent peptides to be folded properly.[59](#wrna1356-bib-0059){ref-type="ref"} Hop is a co‐chaperone that binds, via the tetratricopeptide (TRP) domain, to the EEVD motif of Hsc70 and Hsp90.[60](#wrna1356-bib-0060){ref-type="ref"} Another co‐chaperone, p23, binds to the N‐terminal domain of Hsp90 to stabilize the closed conformation.[61](#wrna1356-bib-0061){ref-type="ref"} All of them strongly bind to the N domain and the L1 linker of rat AGO2, while only Hsc70 and Hsp40 weakly interact with the MID and PIWI domains[56](#wrna1356-bib-0056){ref-type="ref"} (Figure [5](#wrna1356-fig-0005){ref-type="fig"}(a)). Given the susceptibility of unloaded hAGO2 between the MID and PIWI domains,[25](#wrna1356-bib-0025){ref-type="ref"} the weak interaction with Hsc70/Hsp40 may protect the MID--PIWI domains from its degradation until small RNA duplexes bind to the 5′ nucleotide‐binding pocket on the MID domain (Figure [5](#wrna1356-fig-0005){ref-type="fig"}(b), top row). Hobman and coworkers reported that inhibition of Hsp90 activity with geldanamycin, which occupies the ATP‐binding site, causes rapid degradation of newly synthesized rat AGO.[56](#wrna1356-bib-0056){ref-type="ref"} The Hutvagner group observed that the degradation of hAGO1 and hAGO2 by geldanamycin was alleviated by proteasome inhibitor MG132.[62](#wrna1356-bib-0062){ref-type="ref"} Therefore, Hsp90 protects AGO proteins from proteasome degradation.

![Model of chaperone‐mediated duplex loading. (a) Mapping of the chaperone‐binding sites on the structure of hAGO2 (PDB ID: 4W5N) based on the data of rat AGO2^56^. The regions interacting strongly with Hsp90, p23, Hop, Hsp40, and Hsc70 (left) and weakly with Hsc70 and Hsp40 (right) are shown as a surface model. For clarity, the hAGO2‐bound guide RNA is not shown. (b) Duplex loading by co‐chaperone cycle of Hsp90 in humans. Nascent AGO peptide (aqua) is captured by a complex of Hsc70 (gray) and Hsp40 (pink). The PAZ domain is not shown in order to clarify the interaction between the L1 linker and chaperones. During folding of the AGO protein with the aid of the complex, Hop (slate) uses its TRP motif to recognize at the EEVD tetrapeptide of the Hsc70, which results in an AGO•Hsc70•Hop ternary complex. Hop uses another TRP motif to interact with Hsp90 (red) through the C‐terminal EEVD motif, forming an intermediate complex. Binding of ATP (yellow hexagon) to the N‐terminal domain of the Hsp90 drives the conformational changes, while a Hsp90 co‐chaperone, PPIase, containing a TRP domain (brown) binds to the remaining free EEVD motif of the Hsp90 to form an asymmetric complex. Further binding of PPIase to the C‐terminal EEVD motif of the Hsp90 results in the releases of Hop, which allows Hsp90 to capture the AGO protein. The resultant Hsp90•AGO complex in the closed conformation is stabilized by p23. The widely opened AGO protein accommodates a small RNA duplex. Probably, AGO sorts the 5′ nucleotide of the duplex using the MID domain until the bound duplex is completely accommodated into the channel (see Figure [6](#wrna1356-fig-0006){ref-type="fig"}). ATP hydrolysis opens the structure of Hsp90 and releases ADP (blue hexagon), PPIase, and p23, along with the pre‐RISC. (Adapted from Ref [13](#wrna1356-bib-0013){ref-type="ref"})](WRNA-7-637-g001){#wrna1356-fig-0005}

Efficient Duplex Loading Requires the Chaperone Machinery {#wrna1356-sec-0009}
---------------------------------------------------------

In the absence of ATP, siRNA and miRNA duplexes are loaded onto hAGO2 in cell lysates[49](#wrna1356-bib-0049){ref-type="ref"} and in *in vitro* reconstituted systems with immunoprecipitated[63](#wrna1356-bib-0063){ref-type="ref"} or recombinantly expressed protein.[47](#wrna1356-bib-0047){ref-type="ref"} However, these loading efficiencies were quite low. Several groups independently reported the significance of chaperone machinery for duplex loading. ATP hydrolysis by Hsc70/Hsp90 is essential for sufficient loading of small RNA duplexes onto fly Ago1 and fly Ago2[10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"} as well as onto hAGO2.[10](#wrna1356-bib-0010){ref-type="ref"} As loading of miRNA duplex onto hAGO2 is promoted in an ATP‐dependent manner,[63](#wrna1356-bib-0063){ref-type="ref"} the RISC assembly of slicer‐deficient hAGO proteins (hAGO1, hAGO3, and hAGO4) would also need the aid of the chaperone machinery. In *Arabidopsis thaliana*, ATP binding to Hsp90 promotes loading of siRNA and miRNA duplexes onto AGO1 (AtAGO1)[9](#wrna1356-bib-0009){ref-type="ref"} and AGO7.[64](#wrna1356-bib-0064){ref-type="ref"} The ATPase activity of Hsp90 is not, however, required for passenger ejection and target cleavage by fly Ago1 and fly Ago2.[10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"} In addition, fly Ago2 does not need the chaperon machinery to interact with the RLC composed of Dicer 2 and R2D2.[10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"} It is also known that although ATP accelerates multiple turnover target cleavage by fly Ago2‐RISC,[65](#wrna1356-bib-0065){ref-type="ref"} neither 2‐phenylethynesulfonamide (PES), which blocks the interaction of Hsc70 with its client proteins, nor 17‐allylamino‐17‐demethoxygeldanamycin (17‐AAG), which binds to the ATPase domain of Hsp90, affects turnover.[10](#wrna1356-bib-0010){ref-type="ref"} On the other hand, hAGO2‐RISC slices the target in multiple rounds in the absence of ATP.[66](#wrna1356-bib-0066){ref-type="ref"}, [67](#wrna1356-bib-0067){ref-type="ref"}, [68](#wrna1356-bib-0068){ref-type="ref"} These results indicate that the chaperone machinery is necessary only for loading of small RNA duplexes and is dispensable for any other steps in the RISC assembly. Therefore, once the passenger strand is discarded, the resultant RISC serves as an autonomous effector complex for RNA silencing.

Analogy of Duplex Loading to the Activation of Steroid Hormone Receptors {#wrna1356-sec-0010}
------------------------------------------------------------------------

A recent study has revealed that fly Ago2 employs Hsc70, Hsp90, Hsp40, Hop, and p23 during loading of siRNA duplexes.[12](#wrna1356-bib-0012){ref-type="ref"} These are the same proteins co‐purified with rat AGO2[56](#wrna1356-bib-0056){ref-type="ref"} and are also members of the chaperone machinery exploited by steroid hormone receptors when embedding their cognate ligand for activation.[14](#wrna1356-bib-0014){ref-type="ref"} During loading of small RNA duplexes, Hsc70, Hsp90, and Hop serve as essential core components.[12](#wrna1356-bib-0012){ref-type="ref"} In contrast, Hsp40 or p23 alone is not able to load siRNA duplexes onto fly Ago2 although either of them promotes the generation of pre‐ and mature‐RISCs in the presence of the three core components,[12](#wrna1356-bib-0012){ref-type="ref"} suggesting that Hsp40 and p23 facilitate the co‐chaperone cycle of Hsp90 machinery in a manner similar to that of steroid hormone receptor activation (Figure [5](#wrna1356-fig-0005){ref-type="fig"}(b)). In addition, inhibition of Hsc70 with PES almost completely abolishes the target cleavage activity of fly Ago1, fly Ago2, and hAGO2.[10](#wrna1356-bib-0010){ref-type="ref"} This result is well explained if the co‐chaperone cycle of Hsp90 is applied to loading of the small RNA duplexes into AGO protein because it begins with the interaction of Hsc70/Hsp40 and the client protein.

Based on these results, a possible chaperone‐dependent loading mechanism is proposed here (Figure [5](#wrna1356-fig-0005){ref-type="fig"}(b)). Hsc70 and Hsp40, which are general chaperones participating in the folding of nascent peptides,[59](#wrna1356-bib-0059){ref-type="ref"} bind folded AGO proteins and/or nascent AGO peptides, protecting the susceptible hinge region between the MID and PIWI domains. Using the tetratricopeptide repeat (TPR), Hop recognizes the EEVD motif of Hsc70 and takes the Hsc70/Hsp40/AGO complex to Hsp90. Then, Hop uses another TPR to bind the EEVD motif of Hsp90 in the open conformation where the ATPase activity is inhibited.[60](#wrna1356-bib-0060){ref-type="ref"} In this intermediate complex (Hsc70/Hsp40/Hsp90/Hop/pri‐RISC), Hsp90 would interact, through its client‐binding amphipathic loop, with hydrophobic patches presumably on the N domain and/or the L1 linker of the AGO protein.[56](#wrna1356-bib-0056){ref-type="ref"} The remaining EEVD motif of Hsp90 preferentially binds to TRP‐containing large peptidyl‐prolyl *cis‐trans* isomerases (PPIases) such as FK506‐binding protein 52 (Fkbp52), Fkbp51, and cyclophilin 40 (Cyp40), forming the asymmetric complex.[69](#wrna1356-bib-0069){ref-type="ref"} Binding of ATP to the center of the N‐terminal domain of Hsp90 triggers the conformational change to the closed state (ATPase‐active form), which weakens the affinity of the EEVD motif to Hop. In addition, p23 binds to the exterior of the N‐terminal domain of Hsp90 to clamp the closed conformation.[61](#wrna1356-bib-0061){ref-type="ref"} The dissociation of Hop from Hsp90 may be facilitated by binding of another PPIase to the EEVD motif of the Hsp90, thereby promoting the release of Hop. In the transition from the open to closed state, the dimeric Hsp90 drastically moves the two arms, accompanying the bound pri‐RISC. Since nonhydrolyzable ATP analogs do not enhance the formation of pre‐fly Ago1‐RISC efficiently,[70](#wrna1356-bib-0070){ref-type="ref"} the conformational change upon the ATP binding would not be a main driving force to load duplexes onto the Hsp90‐bound AGO protein. On the other hand, geldanamycin binds to the N‐terminal domain of Hsp90, preventing the interaction with p23, and thus halting the Hsp90 chaperone cycle at the intermediate complex with Hsc70 and Hop.[71](#wrna1356-bib-0071){ref-type="ref"} After ATP hydrolysis, Hsp90 opens the conformation while releasing p23 and TRP‐containing large PPIase, along with the pre‐RISC. As ATP hydrolysis is essential for sufficient fly Ago1‐RISC loading,[70](#wrna1356-bib-0070){ref-type="ref"} most of the pri‐RISC loads duplexes mainly by the large conformational transition of Hsp90 from the closed to the open state. Thus, the conformational changes of Hsp90 are regulated by the binding of different co‐chaperones as well as Hsc70, Hsp40, and a client protein.[13](#wrna1356-bib-0013){ref-type="ref"} Binding of these co‐chaperones to Hsc70/Hsp90 is thought to be a competition with each other against the same motif and is mutually exclusive.[72](#wrna1356-bib-0072){ref-type="ref"}

Co‐immunoprecipitation assays demonstrated that after being washed with 600 mM sodium chloride, Hsc70 and Hsp40 bound to fly Ago1 and fly Ago2, whereas neither Hsp90 nor Hop remained bound.[10](#wrna1356-bib-0010){ref-type="ref"} This indicates that fly Ago1 or Ago2 form a stable complex with Hsc70 and Hsp40 and constitute a less stable complex with Hsp90 and Hop. These results show that AGO protein always binds to Hsc70 and Hsp40, probably except when it is being captured by Hsp90.

Mochizuki et al. recently reported that in *Tetrahymena*, a Hsp90 co‐chaperone Coi12p promotes loading of siRNA duplexes onto the Argonaute protein Twi1p[73](#wrna1356-bib-0073){ref-type="ref"} in an ATP‐dependent manner.[74](#wrna1356-bib-0074){ref-type="ref"} Coi12p is composed of a TPR and two PPIase domains though it lacks its PPIase activity. Intriguingly, a Coi12p mutant lacking the TRP motif partially restored the loading defect of *COI12* knockout cells, suggesting that Coi12p also promotes siRNA loading in an ATP‐independent manner. This is consistent with the fact that most of the large PPIases such as p23, Cyp40, and FKBP52 possess Hsp90‐independent chaperone activity.[75](#wrna1356-bib-0075){ref-type="ref"}, [76](#wrna1356-bib-0076){ref-type="ref"} The facilitation of ATP‐dependent siRNA loading requires the TPR domain but not the PPIase domain, which is reminiscent of the typical TPR‐containing long PPIase that competes with Hop for the EEVD motif of Hsp90 and then passes the AGO protein to the Hsp90. However, Hsp70 inhibitor, PES, does not abolish the enhancement of the duplex loading, suggesting that Coi12p promotes the ATP‐dependent siRNA loading in a different manner from that of mammals and flies. In addition, nonhydrolyzable ATP analog enhances the siRNA loading as well, indicating that binding of ATP to Hsp90 rather than its hydrolysis is important, unlike the duplex loading in mammals and flies. These results indicate that for the RISC assembly, different eukaryotes employ the conserved Hsc70/Hsp90 chaperone machinery and co‐chaperones with similar domain structures, yet their mechanisms seem to be quite diverse.

POSSIBLE MECHANISM OF THE GUIDE STRAND SELECTION DURING THE RISC ASSEMBLY {#wrna1356-sec-0011}
=========================================================================

Guide RNA Is the Spine of the RISC {#wrna1356-sec-0012}
----------------------------------

The first crystal structures of apo‐form AGO proteins from thermophilic prokaryotes showed their characteristic crescent shape composed of the N, MID, and PIWI domains with the PAZ on the top[52](#wrna1356-bib-0052){ref-type="ref"} or two lobes (i.e., the N‐PAZ and MID--PIWI lobes).[53](#wrna1356-bib-0053){ref-type="ref"} Afterward, several crystal structures that reflect a state of RISC identified the nucleic acid‐binding channel running between the two lobes across all four domains and the L1 and L2 linkers[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} (Figure [2](#wrna1356-fig-0002){ref-type="fig"}(a) and (b)). Thus, the loaded guide strand serves as the spine of the AGO protein. Without the backbone, AGO proteins seem to behave as if they are a soft‐bodied creature literally like *Argonauta argo*, which is the origin of the name of 'Argonaute' based on the appearance of plant Ago mutant leaves. Especially, the MID domain and the PAZ domain are expected to move freely relative to the rest of the molecule mainly comprising the N and PIWI domains. Then, a question comes to light: do apo‐form AGO proteins have any physiological advantage to benefit from being in such an open conformation? This will be discussed here by proposing model mechanisms.

5′ Nucleotide Binding Is a Prerequisite for Loading of the Rest of the Duplex {#wrna1356-sec-0013}
-----------------------------------------------------------------------------

Tomari and coworkers reported that a Y983E mutant of fly Ago2, whose MID domain binds neither the 5′ monophosphate nor the 5′ base of guide strand,[12](#wrna1356-bib-0012){ref-type="ref"} failed to load a siRNA duplex even in the presence of a set of Hsc70, Hsp90, Hop, Hsp40, and p23.[12](#wrna1356-bib-0012){ref-type="ref"} This fact demonstrates that the loading deficiency due to the loss of the 5′ end‐binding activity is not rescued by chaperone activity. Therefore, the loading must be initiated by the recognition of the 5′ end, which is a prerequisite for placing the rest of the duplex into the channel. The crystal structures of the RISC show the bound guide RNA recognized at its sugar‐phosphate backbone by many hydrogen bonds along the nucleic acid‐binding channel.[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} This strong interaction indicates that duplexes are unlikely to be unloaded once the stem portion is completely accommodated into the channel. Therefore, the MID domain needs to recognize the 5′ end of the guide strand for the asymmetric loading prior to loading of the whole duplex.

MID Domain Itself Is Capable of Discriminating the 5′ Nucleotide of Duplexes {#wrna1356-sec-0014}
----------------------------------------------------------------------------

In mammals, asymmetric selection of guide strand from small RNA duplexes relies on the intrinsic property *per se* of the AGO proteins.[45](#wrna1356-bib-0045){ref-type="ref"} The MID domain preferentially recognizes the terminus of the duplex having U or A at the 5′ end and of less thermodynamic stability than the other terminus. The structural and functional study by the Nagar group showed that the hAGO2 MID domain alone preferentially binds UMP and AMP with 10‐fold higher affinity than those of CMP and GMP.[77](#wrna1356-bib-0077){ref-type="ref"} This result indicates that the MID domain solely is capable of discriminating the 5′ base of small RNA duplexes (Figure [6](#wrna1356-fig-0006){ref-type="fig"}(a)). The structures of the MID domain in the complex with UMP and AMP identified a nucleotide specificity loop whose main‐chain carbonyl and amino groups are arranged to form hydrogen bonds only with uracil and adenine. This may provide an explanation, from the viewpoint of base specificity, for why AGO‐bound miRNAs and siRNAs show a clear bias for U or A at the 5′ end.[78](#wrna1356-bib-0078){ref-type="ref"}, [79](#wrna1356-bib-0079){ref-type="ref"} Nevertheless, the authors succeeded in determining the crystal structures of the MID domain in the CMP‐ or GMP‐bound complex as well.[77](#wrna1356-bib-0077){ref-type="ref"} Their base moieties were completely disordered whereas the monophosphate and the ribose sugar moieties retained some discernable densities. The observation demonstrates that the pocket possesses strong affinity for the 5′ monophosphate, even in the presence of the repulsion against the cytosine or guanine base moiety. This strong interaction must be reinforced after the MID and PIWI domains form the composite pocket that surrounds the 5′ monophosphate as seen in the structures of RISCs[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(h)).

![Models of stepwise duplex loading. (a) Interaction between the MID domain alone with nucleoside monophosphates, UMP (red), AMP (blue), CMP (magenta), and GMP (cyan). The MID domain preferentially binds U and A over C and G. The 5′ nucleotide‐binding pocket is divided into the 5′ monophosphate (red)‐ and the base (blue)‐binding sites by a conserved tyrosine residue (black) that is stacked with the 5′ base and its adjacent monophosphate (yellow). The base specificity loop is shown as a thick line (brown). (b) Model of sorting guide strand by the affinity of the MID domain to the 5′ base. Top: The MID domain alone binds to the uracil (or adenine) at the 5′ position of duplexes. The interaction is stable enough to endure until it forms the composite pocket with the PIWI domain. Bottom: The guanine (or cytosine) at the 5′ position of duplexes can bind to the 5′ base‐binding pocket. Owing to the aversion of the nucleotide specificity loop to cytosine and guanine, most of the complexes are dissociated before they form the composite pocket with PIWI domain. Therefore, the duplexes including guanine (or cytosine) at their 5′ position are easily released from the AGO protein. (c) Autoinhibition model. The MID and PIWI domains of unloaded AGO protein interact with each other such that the 5′ nucleotide‐binding pocket is not accessible. Chaperone machinery may pry open the autoinhibited conformation, and the resultant open pocket proceeds to (b). (d) Model of preorganized composite pocket. The MID and PIWI domains of unloaded AGO protein already complete the 5′ monophosphate‐binding site whose affinity is higher than that of the MID domain alone (a). The affinity to the 5′ monophosphate would overwhelm the aversion of the base‐binding site to guanine and cytosine. As a result, the preorganized composite pocket can bind any duplexes, regardless of the types of the 5′ base.](WRNA-7-637-g004){#wrna1356-fig-0006}

A Model of Two‐Step Sequential Loading {#wrna1356-sec-0015}
--------------------------------------

Several reports imply that the duplexes are loaded onto the AGO protein in sequential steps.[80](#wrna1356-bib-0080){ref-type="ref"}, [81](#wrna1356-bib-0081){ref-type="ref"} Possible models emerging from the current knowledge will be proposed here. As discussed, recent studies evidenced that the hinged MID domain is opened and exposes the 5′ nucleotide‐binding pocket to solvent, until the AGO protein meets a duplex. Once the MID domain encounters the 5′ monophosphate of any RNAs regardless of shape, they form a transient complex here named 'primary RISC (pri‐RISC).' Only if the 5′ base of the bound RNA is U or A, the state of pri‐RISC remains for long enough until the bound 5′ monophosphate is completely locked with the PIWI domain by forming the composite pocket (Figure [6](#wrna1356-fig-0006){ref-type="fig"}(b), top). Afterward, the pri‐RISC lays the rest of the duplex in the nucleic acid‐binding channel presumably with the help of the chaperone machinery. Alternatively, the complete lock of the 5′ monophosphate may occur concomitantly with the loading of the stem part. Accordingly, only RNA duplexes are allowed to be accommodated into the narrow nucleic acid‐binding channel and form the pre‐RISC. In contrast, when the pri‐RISC is formed with RNAs through G or C at the 5′ end, the interaction does not endure owing to the aversion of the nucleotide specificity loop to guanine and cytosine (Figure [6](#wrna1356-fig-0006){ref-type="fig"}(b), bottom). Consequently, this sequential mechanism provides AGO proteins with sufficient dwell time to recognize, using the binding site of the MID domain, U or A at the thermodynamically less stable terminus of duplexes. This could explain how AGO proteins select the guide strand when loading duplexes having U or A at one 5′ end and G or C at the other end, such as let‐7, miR‐84, miR‐87, miR‐409, and mir‐424.[79](#wrna1356-bib-0079){ref-type="ref"}, [82](#wrna1356-bib-0082){ref-type="ref"}, [83](#wrna1356-bib-0083){ref-type="ref"}, [84](#wrna1356-bib-0084){ref-type="ref"}, [85](#wrna1356-bib-0085){ref-type="ref"}

Another possible model is that an interaction between the MID and PIWI domains in the apo form blocks the access of any duplexes to the 5′ nucleotide‐binding pocket (Figure [6](#wrna1356-fig-0006){ref-type="fig"}(c)). Once such an autoinhibited conformation is pried open, probably by the chaperone machinery, the resultant AGO protein would proceed to the abovementioned two‐step sequential loading mechanism. However, this mode could be denied by the fact that thus far any AGO proteins can be programed with ssRNA bypassing the chaperone pathway to form the RISC. Alternatively, the MID and PIWI domains of guide‐free AGO protein may preorganize the composite pocket similar to that of the RISC. In this case, the affinity of the composite pocket for the 5′ monophosphate would be too strong to discriminate bases. (Figure [6](#wrna1356-fig-0006){ref-type="fig"}(d)). As a result, AGO may end up with promiscuously loading any duplex regardless of the 5′ base identity. If any, such a composite pocket seen in the RISC seems not to be easily accessible for duplexes[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(h)). Therefore, it is unlikely that the pocket for the 5′ monophosphate is preorganized in the apo form.

UPDATES ON THE PASSENGER EJECTION {#wrna1356-sec-0016}
=================================

siRNAs Can Activate Any hAGO Proteins {#wrna1356-sec-0017}
-------------------------------------

After loading of a small RNA duplex into the nucleic acid‐binding channel, the pre‐RISC ejects the passenger strand to form the RISC with the remaining guide strand (Figure [3](#wrna1356-fig-0003){ref-type="fig"}). There are two types of passenger ejection. The first, 'slicer‐dependent passenger ejection,' relies on the RNA cleavage activity of the bound AGO protein.[86](#wrna1356-bib-0086){ref-type="ref"} Notably, in this pathway, the passenger and guide strands need to have a perfectly complementary stem in order to cleave the passenger strand. The alternative, 'slicer‐independent passenger ejection,' heavily depends on the thermodynamic instability of the RNA duplexes.[63](#wrna1356-bib-0063){ref-type="ref"}, [81](#wrna1356-bib-0081){ref-type="ref"} A mismatch at the 2--8 steps of the loaded duplex promotes the passenger ejection by slicer‐deficient hAGO proteins, hAGO1, hAGO3, and hAGO4.[63](#wrna1356-bib-0063){ref-type="ref"} Even perfectly matched duplexes but with low thermodynamic stability due to many G:U pairs in the stem region increased noticeable gene silencing.[81](#wrna1356-bib-0081){ref-type="ref"} These results indicate that any factors affecting the thermodynamic stability within the duplex, such as mismatches and non‐Watson--Crick base pairings, facilitate the slicer‐independent passenger ejection.

Among four hAGO proteins, only hAGO2 is a catalytically active enzyme capable of cleaving both passenger and target strands.[81](#wrna1356-bib-0081){ref-type="ref"}, [87](#wrna1356-bib-0087){ref-type="ref"}, [88](#wrna1356-bib-0088){ref-type="ref"} Therefore, it has been thought that hAGO2 can load both miRNA and siRNA duplexes, while the slicer‐deficient hAGOs can incorporate only miRNA duplexes to form the RISC. This idea was not, however, consistent with the results of the analyses of the RNAs extracted from immunoprecipitated four hAGO proteins, which showed that all four incorporated both miRNAs and siRNAs,[89](#wrna1356-bib-0089){ref-type="ref"}, [90](#wrna1356-bib-0090){ref-type="ref"}, [91](#wrna1356-bib-0091){ref-type="ref"} proving that even slicer‐deficient AGO proteins can unravel the perfectly matched stem of siRNA duplexes and expel the passenger strand without cleavage. Recently, this discrepancy was explained by the Shin group\'s *in vitro* assays which showed that immunoprecipitated hAGO1, hAGO3, and hAGO4 can efficiently separate siRNA duplexes at physiological temperature (37°C) but they fail at 25°C.[92](#wrna1356-bib-0092){ref-type="ref"} The authors also proposed that even catalytically active hAGO2 ejects the passenger mainly in a slicer‐independent manner.[92](#wrna1356-bib-0092){ref-type="ref"} The temperature‐dependent passenger ejections of miRNA and siRNA duplexes for each human AGO are summarized in Table [1](#wrna1356-tbl-0001){ref-type="table-wrap"} and Figure [3](#wrna1356-fig-0003){ref-type="fig"}.

###### 

Passenger Ejection of hAGO Proteins

  Type of Duplex   Passenger Ejection           
  ---------------- -------------------- --- --- ---
  siRNA            ✓                    ✓   ✗   ✓
  miRNA            ✓                    ✓   ✓   ✓

✓: the passenger is ejected; ✗: the passenger is not ejected.

Models of Two Passenger Ejections {#wrna1356-sec-0018}
---------------------------------

The requirements for each passenger ejection were well characterized, but little is known about their molecular mechanisms due to the lack of structural information of the pre‐RISC. It has been generally believed that the slicer‐independent passenger ejection (the transition from 'pre‐RISC' to 'RISC' in Figure [3](#wrna1356-fig-0003){ref-type="fig"}(b)) is the mirror process of target recognition (the transition from 'RISC' to 'target complex' in Figure [3](#wrna1356-fig-0003){ref-type="fig"}(b)), regarding the passenger strand as a target of the guide strand.[2](#wrna1356-bib-0002){ref-type="ref"} This assumption has the consequence that a guide and a passenger in the pre‐RISC are extensively base‐paired and spiral in the channel, with approximately two turns of an A‐form RNA. The AGO protein in such a topology manages to eject the passenger strand in the slicer‐dependent or even the slicer‐independent manner. Possible mechanisms to solve this wire puzzle will be discussed below by taking two scenarios when siRNA duplexes are loaded onto hAGO2 and when miRNA duplexes are incorporated into the slicer‐deficient hAGO proteins, as examples of the slicer‐dependent and the slicer‐independent passenger ejections, respectively.

Slicer‐Dependent Passenger Ejection After Loading of siRNA Duplexes {#wrna1356-sec-0019}
-------------------------------------------------------------------

A cross‐section of the crystal structure of hAGO2‐RISC shows the Y‐shaped nucleic acid‐binding channel (Figure [7](#wrna1356-fig-0007){ref-type="fig"}(a)). One of the branched ends runs, between the N and L1/L2 domains, toward the PAZ domain (green arrow in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(a), right). Another one between the N and the PIWI domains is extended from the MID domain (orange arrow in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(a), right), resulting in the long channel where a guide--passenger duplex is expected to dock.[93](#wrna1356-bib-0093){ref-type="ref"}, [94](#wrna1356-bib-0094){ref-type="ref"} The section also shows several spikes in the α7 and α20 projecting from its inner wall of the channel (Figure [7](#wrna1356-fig-0007){ref-type="fig"}(a), right).

![Two model mechanisms of passenger ejection. (a) Y‐shaped nucleic acid‐binding channel of AGO protein. Left: The crystal structure of hAGO2‐RISC (PDB ID: 4OLA) is cut with a section. The color codes of hAGO2 are the same as in Figure [1](#wrna1356-fig-0001){ref-type="fig"}. Middle: The hAGO2 (light blue) and the bound guide RNA (red) are shown as a surface and a ball‐and‐stick model, respectively. The section area is colored in black. Right: The branched channels. The main channel and the branch are shown by orange and green arrows, respectively. The catalytic site is indicated by scissors. The α7 and α20 are drawn as spheres. (b) Model of the slicer‐dependent passenger ejection. The siRNA duplex composed of a guide (red) and a passenger (green) is loaded onto hAGO2 to form the pre‐RISC. The 5′ monophosphate is shown as a yellow sphere. The N and L1/L2 domains move outward (blue arrow) to expand the width of the nucleic acid‐binding channel. Only the guide RNA is anchored at its 5′ monophosphate and the sugar‐phosphate backbone in the seed region. The loaded siRNA duplex is pushed by the N and L1/L2 domains (cyan arrows) and squeezed out upon the passenger cleavage. The thermal dynamics of the PAZ domain shakes the 3′ end of the guide strand (pink arrows), which facilitates the ejection of the cleaved passenger strand. The territories of the PAZ domain at 25 and 37°C are drawn in a yellow and salmon circles, respectively. The guide 3′ end of siRNA duplex is positioned outside a territory in which the PAZ domain can reach at 25°C. Destabilized base pairs are depicted as dotted line. (c) Model of the slicer‐independent passenger ejection. The guide 3′ end is positioned within a territory that the PAZ domain can reach at 25°C. Because of its thermodynamic instability, the miRNA duplex is heavily distorted by inward pressure.](WRNA-7-637-g003){#wrna1356-fig-0007}

When a siRNA duplex is loaded onto hAGO2, its 5′ end and sugar‐phosphate backbone of only the guide strand is thoroughly recognized.[25](#wrna1356-bib-0025){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"} The duplex being loaded pushes the N and L1/L2 domains outward (pre‐RISC in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(b)). Consequently, the expanded channel generates an inward pressure, which pushes back the loaded duplex from the sides. During passenger ejection, the N domain functions as a wedge to destabilize the base pairings between the 3′ end of the guide and the 5′ end of the passenger.[95](#wrna1356-bib-0095){ref-type="ref"} On the other hand, the α7 would push the guide--passenger duplex along its minor groove at positions 2--7, as seen in between the α7 and the minor groove of the guide--target duplex bound to hAGO2.[32](#wrna1356-bib-0032){ref-type="ref"} Therefore, the α7 would serve as another wedge to split the duplex. In this context, hAGO2 cleaves the passenger strand. The nicked duplex no longer withstands the inward pressure between L1/L2 and PIWI domains and is squeezed out. The passenger strand has no specific contacts with the AGO protein, while the thoroughly anchored guide strand remains in the channel to become part of the RISC (Figure [7](#wrna1356-fig-0007){ref-type="fig"}(b)). As a result, only the passenger strand is ejected from the channel. Thus, hAGO2‐pre‐RISC would separate the siRNA duplex like a nutcracker without energy input.

How do the MID and PAZ domains participate in passenger ejection? In the structures of hAGO2‐RISC and its target complex, the MID domain recognizes the 5′ nucleotide of the guide strand,[25](#wrna1356-bib-0025){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [32](#wrna1356-bib-0032){ref-type="ref"} indicating that the MID domain keeps holding the guide 5′ end throughout RISC assembly. Indeed, a mutation of Y529, which is located on the MID domain and essential for recognizing the 5′ nucleotide of guide strand, completely abrogates duplex loading.[12](#wrna1356-bib-0012){ref-type="ref"}, [55](#wrna1356-bib-0055){ref-type="ref"} In contrast, a PAZ‐domain truncation mutant of hAGO2 is competent to form the RISC,[92](#wrna1356-bib-0092){ref-type="ref"}, [96](#wrna1356-bib-0096){ref-type="ref"} suggesting that the PAZ domain is dispensable for ejecting the passenger strand as long as the AGO protein retains slicer activity. On the other hand, a catalytic mutant of hAGO2 D597A is able to form the RISC at 37°C after loading siRNA duplexes,[63](#wrna1356-bib-0063){ref-type="ref"}, [92](#wrna1356-bib-0092){ref-type="ref"} indicating the intrinsic ability of hAGO2 to eject the passenger strand of siRNA duplexes even without cleavage. Intriguingly, the same mutant fails to do so at 25°C.[92](#wrna1356-bib-0092){ref-type="ref"} In addition, a hAGO2 ΔPAZ mutant fails to form the RISC both at 25 and 37°C when loading a siRNA duplex whose passenger strand is not cleaved due to the existence of a 2′‐O‐methyl modification at position 9.[92](#wrna1356-bib-0092){ref-type="ref"} These results indicate the significance of the PAZ domain for passenger ejection at high temperature although temperature itself also could affect the stability of the small RNA duplex to some extent. A possible explanation is that when perfectly complementary duplexes are laid along the channel, the 3′ end of their guide strand would be positioned outside of an accessible territory around which the PAZ domain can move at 25°C (yellow circle in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(b)). In contrast, larger thermal dynamics at 37°C enables the PAZ domain to reach the 3′ end of the guide strand (salmon circle in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(b)) and vigorously shakes it, thereby dissociating the guide and passenger strands. Capturing of the guide 3′ end by the PAZ domain may be facilitated further at 37°C if the N domain could more efficiently loosen the siRNA duplex.

Passenger Ejection by Slicer‐Deficient AGO Proteins {#wrna1356-sec-0020}
---------------------------------------------------

Slicer‐deficient hAGO1, hAGO3, and hAGO4 are able to eject the passenger strand of siRNA duplexes at 37°C but not at 25°C (Table [1](#wrna1356-tbl-0001){ref-type="table-wrap"}),[92](#wrna1356-bib-0092){ref-type="ref"} which is consistent with the results of the catalytic mutant of hAGO2 D597A.[63](#wrna1356-bib-0063){ref-type="ref"}, [92](#wrna1356-bib-0092){ref-type="ref"} This result suggests that the slicer‐independent passenger ejection basically utilizes the same mechanism as hAGO2, except for the lack of the passenger cleavage (Figure [7](#wrna1356-fig-0007){ref-type="fig"}(c)). Therefore, the ejection heavily relies on the thermal dynamics of the PAZ domain, as evidenced by the truncation of this domain diminishing passenger release.[92](#wrna1356-bib-0092){ref-type="ref"}, [96](#wrna1356-bib-0096){ref-type="ref"} In addition, the slicer‐independent passenger ejection is enhanced if the loaded duplex contains mismatches in the seed region (guide positions 2--8) and/or the 3′ mid region (guide position 12--16).[63](#wrna1356-bib-0063){ref-type="ref"}, [81](#wrna1356-bib-0081){ref-type="ref"} The two regions in the duplex seem to contact the spikes protruding from the inner wall of the channel (Figure [7](#wrna1356-fig-0007){ref-type="fig"}(c)). For example, the α7, one of the spikes, is expected to push the guide--passenger duplex along its minor groove of the seed region as discussed, and would contribute to prying open a bulged stem. Probably, after being loaded into the channel, miRNA duplexes are distorted at the positions of mismatch, which allows the 3′ end of the guide strand to reach the vicinity of the PAZ domain even at 25°C (yellow circle in Figure [7](#wrna1356-fig-0007){ref-type="fig"}(c)). Thus, the PAZ domain would easily capture the guide 3′ end compared to the case of siRNA duplexes. This model can explain the observation at 25°C that slicer‐deficient AGO proteins fail to form a RISC after loading perfectly complementary duplexes, whereas they can still separate thermodynamically less stable, mismatched stem of miRNA duplexes (Table [1](#wrna1356-tbl-0001){ref-type="table-wrap"}).

DIFFERENCE IN RISC ASSEMBLY BETWEEN EUKARYOTIC AND PROKARYOTIC SYSTEMS {#wrna1356-sec-0021}
======================================================================

Breaking the Assumption That Eukaryotic and Prokaryotic AGO Proteins Behave the Same Way {#wrna1356-sec-0022}
----------------------------------------------------------------------------------------

In the early studies of the components of the RNAi machinery, structure determination of eukaryotic AGO proteins was hampered by difficulties in sample preparation. Instead, the prokaryotic counterparts from thermophilic species such as *Pyrococcus furiosus*, *Aquifex aeolicus*, and *T. thermophilus* were used for X‐ray crystallography.[52](#wrna1356-bib-0052){ref-type="ref"}, [53](#wrna1356-bib-0053){ref-type="ref"}, [54](#wrna1356-bib-0054){ref-type="ref"}, [93](#wrna1356-bib-0093){ref-type="ref"}, [94](#wrna1356-bib-0094){ref-type="ref"} These structures opened the door to the structural basis of AGO protein‐mediated gene silencing. Especially, the series of crystal structures of *T. thermophilus* AGO (TtAGO) in complexes with a guide,[54](#wrna1356-bib-0054){ref-type="ref"} a guide--target duplex containing cleavage‐preventing mismatches,[93](#wrna1356-bib-0093){ref-type="ref"} and an extensively base‐paired guide--target duplex[94](#wrna1356-bib-0094){ref-type="ref"} provided the first structural insights into the recognition of guide and target strands as well as the target cleavage. Amino acid sequence alignments of eukaryotic and prokaryotic AGO proteins indicated conservation of the N, PAZ, MID, and PIWI domains, and predicted a similarity of their overall structure. Therefore, it seemed reasonable at that time to optimistically assume that understanding of eukaryotic AGO proteins could be reducible to the molecular basis of the prokaryotic counterparts even though they lack the RNAi system and their AGO proteins use DNA as the guide to cleave target DNAs.[53](#wrna1356-bib-0053){ref-type="ref"}, [97](#wrna1356-bib-0097){ref-type="ref"}, [98](#wrna1356-bib-0098){ref-type="ref"}

However, structural study of yeast *K. polysporus* AGO revealed the expansion of the molecular weight of eukaryotic AGO proteins by identifying 11 insertion segments conserved throughout the eukaryotic species and another 8 segments found in only some.[26](#wrna1356-bib-0026){ref-type="ref"} This structure and others also revealed another difference between eukaryotic and prokaryotic AGO proteins.[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"} In the eukaryotic RISC, AGO proteins poise a conserved lysine residue over the phosphate backbone of the bound guide RNA at positions 1 and 3 so that its ε‐amino group neutralizes the negative charge.[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} In contrast, TtAGO does not have the corresponding lysine residue but instead coordinates a magnesium ion to help the C‐terminal carboxylate group recognize the phosphate backbone of the guide DNA.[54](#wrna1356-bib-0054){ref-type="ref"} *Archaeoglobus fulgidus* Piwi protein, which naturally lacks the N and PAZ domains, also positions a magnesium ion close to the same phosphate groups of the bound guide strand.[99](#wrna1356-bib-0099){ref-type="ref"}, [100](#wrna1356-bib-0100){ref-type="ref"} These observations prove that eukaryotic and prokaryotic AGO proteins possess different properties though their overall structures look similar, which raises a question of whether they both undergo the same process during the RISC assembly.

Eukaryotic but Not Prokaryotic RISCs Are Ready for Target Cleavage {#wrna1356-sec-0023}
------------------------------------------------------------------

Even before the structures were available, the amino acid sequence of AGO proteins implied that the PIWI domain adopts an RNase H‐like structure. This fold is found in several enzymes such as reverse transcriptase, integrase, RNase HI, and RNase HII.[101](#wrna1356-bib-0101){ref-type="ref"} These enzymes recognize DNA--RNA heteroduplexes, and the DNA strand guides the cleavage of the RNA using a conserved catalytic DEDD (Asp‐Glu‐Asp‐Asp) tetrad. The mechanism of RNA cleavage among this group is well investigated in the structure of *Bacillus halodurans* RNase H1 bound to an RNA--DNA duplex.[102](#wrna1356-bib-0102){ref-type="ref"} Note that the catalytic glutamate coordinates a magnesium ion as well as directly interacts with the 2′ hydroxyl group of the ribonucleotide adjacent to the scissile phosphate. The corresponding catalytic glutamate was not, however, identified in the first crystal structures of prokaryotic AGO proteins though the structures proved that the PIWI domain displays an RNase H fold.[52](#wrna1356-bib-0052){ref-type="ref"}, [53](#wrna1356-bib-0053){ref-type="ref"} Accordingly, it had been thought that AGO proteins are an exceptional family possessing a catalytic DDX (X: Asp or His) triad.[101](#wrna1356-bib-0101){ref-type="ref"}

Meanwhile, the first structural basis of eukaryotic AGO catalytic domain was provided by the crystal structure of guide‐free *N. crassa* QDE2 (NcQDE2) MID--PIWI domain.[51](#wrna1356-bib-0051){ref-type="ref"} The catalytic site was shown to be a DDX triad like the prokaryotic counterparts. Afterward, the crystal structure of yeast *K. polysporus* AGO (KpAGO) was determined, and its comparison to the guide‐free NcQDE2 identified a local conformational change, upon the incorporation of the guide strand, accompanying a rearrangement of a conserved glutamate residue (referred to as a glutamate finger).[26](#wrna1356-bib-0026){ref-type="ref"} In the KpAGO‐RISC, the glutamate finger moves to the DDX triad and completes the catalytic DEDX tetrad, thereby activating the AGO protein for RNA cleavage. The resultant catalytically active conformation is named the 'plugged‐in' conformation because the glutamate finger is inserted into the rest of the catalytic site as when plugging into an outlet turns on a machine (Figure [8](#wrna1356-fig-0008){ref-type="fig"}(a)). On the other hand, guide‐free NcQDE2 shows the unplugged conformation where the region extended in the plugged‐in conformation of KpAGO is reeled up in the α‐helix (Figure [8](#wrna1356-fig-0008){ref-type="fig"}(a)).

![Difference between eukaryotic and prokaryotic AGO proteins. (a) Conformational change activates the AGO protein. In the catalytically inactive state (i.e., unplugged conformation), the region including the glutamate finger (green) folds into an α‐helix (left panel). In the active state (i.e., plugged‐in conformation), the α‐helix is partially unfolded and the glutamate finger is inserted into the DDX triad (aqua) to complete the catalytic DEDX tetrad (right panel). The residue numbers of KpAGO are indicated. (b and c) Requirements for the transition to the plugged‐in conformation. Eukaryotic AGO proteins transition to the plugged‐in state during the RISC assembly (b), whereas the prokaryotic counterparts need to incorporate a target strand to be plugged in (c). The source of guide strand for the prokaryotic AGO proteins remains unknown. The PIWI domain colored in green indicates the plugged‐in conformation.](WRNA-7-637-g006){#wrna1356-fig-0008}

In addition, the structure of hAGO2‐RISC bound to a complementary 9‐nt target RNA shows that the RISC remains in the plugged‐in conformation even after the seed region is base‐paired with the target strand.[32](#wrna1356-bib-0032){ref-type="ref"} Therefore, eukaryotic AGO proteins transition, during the RISC assembly, to the plugged‐in conformation that is ready to cleave the target mRNAs without any further conformational change (Figure [8](#wrna1356-fig-0008){ref-type="fig"}(b)). Given that KpAGO, hAGO2, and NcQDE2 all retain RNA cleavage activity,[26](#wrna1356-bib-0026){ref-type="ref"}, [88](#wrna1356-bib-0088){ref-type="ref"}, [103](#wrna1356-bib-0103){ref-type="ref"} it seems reasonable that only the catalytically active enzymes require the transition to the plugged‐in conformation. However, the crystal structures of hAGO1‐RISC also show the same conformation, despite the lack of cleavage activity.[33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"} This demonstrates that eukaryotic AGO proteins need to have the glutamate finger plugged into the catalytic site during the RISC assembly, regardless of slicer activity. Probably, this transition is an essential step to turn eukaryotic AGO proteins into the effector complex for gene silencing.

The transition to the plugged‐in conformation was rediscovered in TtAGO.[104](#wrna1356-bib-0104){ref-type="ref"} Like eukaryotic counterparts, TtAGO‐RISC recognizes the 3′ end of guide strand within the PAZ domain. When the TtAGO‐RISC incorporates a target strand, propagation of the guide--target base pairings generates a topological tension toward the 3′ side of the guide strand.[94](#wrna1356-bib-0094){ref-type="ref"} Once the propagation reaches the guide position 16, the complex structure no longer tolerates the cumulative strain, and the 3′ end of the guide is released from the PAZ domain. This triggers the rearrangement of the glutamate finger. Thus, the transition of prokaryotic AGO proteins to the catalytically active form requires not only the incorporation of target strand but also the zippering between the guide and target. Therefore, prokaryotic RISCs stay in the catalytically inactive conformation (i.e., unplugged), unlike the eukaryotic counterparts (Figure [8](#wrna1356-fig-0008){ref-type="fig"}(c)).

CONCLUSION {#wrna1356-sec-0024}
==========

Based on the current knowledge, this review has discussed and proposed several possible models of the RISC assembly: the stepwise loading of small RNA duplexes, the Hsc70/Hsp90‐centered duplex loading, and the passenger ejection by squeezing and thermal dynamics. For a long time, the models of the RISC assembly in eukaryotes have relied heavily on the structural bases of the prokaryotic counterpart.[54](#wrna1356-bib-0054){ref-type="ref"}, [93](#wrna1356-bib-0093){ref-type="ref"}, [94](#wrna1356-bib-0094){ref-type="ref"} As discussed, more recent structural studies revealed several differences in AGO proteins between eukaryotes and prokaryotes.[25](#wrna1356-bib-0025){ref-type="ref"}, [26](#wrna1356-bib-0026){ref-type="ref"}, [27](#wrna1356-bib-0027){ref-type="ref"}, [32](#wrna1356-bib-0032){ref-type="ref"}, [33](#wrna1356-bib-0033){ref-type="ref"}, [34](#wrna1356-bib-0034){ref-type="ref"}, [54](#wrna1356-bib-0054){ref-type="ref"}, [93](#wrna1356-bib-0093){ref-type="ref"}, [94](#wrna1356-bib-0094){ref-type="ref"}, [104](#wrna1356-bib-0104){ref-type="ref"} The discrepancies warn about the long‐standing consensus that AGO proteins from the two systems undergo the same process during RISC assembly, and also emphasize the significance of the structure determination of eukaryotic system for understanding the mechanism of RNA silencing.

Meanwhile, the appreciation of Hsc70/Hsp90 chaperone and their co‐chaperones during the loading step has been increased.[9](#wrna1356-bib-0009){ref-type="ref"}, [10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"}, [12](#wrna1356-bib-0012){ref-type="ref"} The intensive research in flies has revealed that duplex loading into AGO proteins follows the similar Hsp90 chaperone cycle as that of activation of steroid hormone receptors.[10](#wrna1356-bib-0010){ref-type="ref"}, [12](#wrna1356-bib-0012){ref-type="ref"} Although the Hsc70/Hsp90 chaperones are broadly used for duplex loading, the participating members of co‐chaperone seem to be diverse in different species.[56](#wrna1356-bib-0056){ref-type="ref"}, [74](#wrna1356-bib-0074){ref-type="ref"} The mechanism during the loading step of small RNA duplexes is still almost unexplored, (Box [1](#wrna1356-fea-0001){ref-type="boxed-text"}) especially in the prokaryotic system. It also remains elusive whether AGO proteins change their affinity to the chaperone machinery depending on the RNA‐free or RNA‐bound form. For example, RISC formation solidifies the structure of the AGO protein with the loaded guide strand as the spine.[25](#wrna1356-bib-0025){ref-type="ref"} The resultant structure must expose less hydrophobic regions on the surface, which may facilitate the dissociation of some components of the chaperone machinery from the AGO protein. To understand the mechanism of duplex loading, more structural studies of guide‐free AGO protein will be necessary as well.

###### OUTSTANDING QUESTIONS TO BE ADDRESSED AND POSSIBLE FUNCTIONS TO BE DISCOVERED IN THE FIELD

What Does the Structure of Unloaded AGO Protein Look Like? {#wrna1356-sec-0025}
----------------------------------------------------------

Structural comparison shown in Figure [4](#wrna1356-fig-0004){ref-type="fig"} indicates a hinge movement between the MID and PIWI domains in the absence of guide strand. Moreover, disorder of the C‐terminal region is seen in the TtAGO structure whose 5′‐nucleotide‐binding site between the MID and PIWI domains is empty[93](#wrna1356-bib-0093){ref-type="ref"} (Figure [4](#wrna1356-fig-0004){ref-type="fig"}(g)). These results indicate a possibility that loading of small RNA duplexes sews each domain of the AGO protein together into the compact structure of RISC. Further study is needed to characterize the structure of apo AGO protein.

Molecular Mechanism of the Temperature Sensitivity of AGO Protein {#wrna1356-sec-0026}
-----------------------------------------------------------------

It has been known that RNAi is a temperature‐dependent biological process. For example, in plants, the level of miRNAs does not change regardless of temperature, while accumulation of siRNAs is temperature dependent.[114](#wrna1356-bib-0114){ref-type="ref"} Therefore, the levels of virus‐ and transgene‐derived siRNAs are dramatically increased at high temperature. This review has postulated the PAZ domain as the major contributor to promote the RISC assembly at high temperature. The defense system that requires siRNA‐loaded AGO proteins may be activated by the PAZ domain\'s capability to eject the passenger strand more easily at 37°C than at 25°C. Identification of factors conferring the temperature sensitivity with AGO proteins and elucidation of the molecular mechanisms will be an interesting and significant question to understand any cellular process involving AGO proteins.

Molecular Basis for the Position of Mismatches {#wrna1356-sec-0027}
----------------------------------------------

The role of mismatch within small RNA duplexes is different depending on its position from the 5′ end of guide strand.[115](#wrna1356-bib-0115){ref-type="ref"} Given the coevolution of miRNAs and AGO proteins, the significance of the position of mismatches within miRNA duplexes must be explained by the structure of AGO proteins. Indeed, the crystal structures of hAGO2 bound to a 21‐nt guide and 11‐nt targets show the interaction through the minor groove at positions 2--7 but not at 8--9, explaining the tolerance of the protein for mismatches at positions 8--9.[32](#wrna1356-bib-0032){ref-type="ref"} In the same way, the structure of hAGO bound to a 21‐nt guide--passenger duplex is expected to answer the question of why mismatches at positions 8--11 promote the loading.

Relationship With Chaperones {#wrna1356-sec-0028}
----------------------------

In humans and flies, duplex loading into AGO proteins heavily relies on the assistance of Hsc70/Hsp90 chaperone machinery and their co‐chaperones.[10](#wrna1356-bib-0010){ref-type="ref"}, [11](#wrna1356-bib-0011){ref-type="ref"} In contrast, budding yeast AGO autonomously loads duplexes.[26](#wrna1356-bib-0026){ref-type="ref"} Comparison of these two groups will reveal the molecular bases of the chaperone‐dependent and chaperone‐independent loading as well as the coevolution of AGO proteins and chaperones. The chaperone dependency also remains an open question in prokaryotic systems.

Do Four hAGO Proteins Function Redundantly? {#wrna1356-sec-0029}
-------------------------------------------

It is plausible that hAGO1, hAGO3, and hAGO4 are specialized for loading of duplexes containing mismatches at the specific positions because they preferentially incorporate miRNA duplexes over siRNA ones.[63](#wrna1356-bib-0063){ref-type="ref"}, [92](#wrna1356-bib-0092){ref-type="ref"} On the other hand, RNA sequencing analyses show that some of the most abundant miRNAs associated with hAGO1, hAGO2, and hAGO3 are different, though the rest of the RNAs are same,[89](#wrna1356-bib-0089){ref-type="ref"}, [116](#wrna1356-bib-0116){ref-type="ref"} implying the preference of some miRNA duplexes for being loaded into specific hAGO protein(s). Presumably, AGO proteins recognize not only the shapes of miRNA duplex but also the distribution of base‐pair stability throughout the duplex that is determined by the types of base pair and the positions of mismatches. Comprehensive structural comparison among four hAGO proteins will be able to explain their preference for some specific miRNA duplexes.

 {#wrna1356-sec-0129}

In spite of little knowledge about the molecular basis of the RISC assembly, gene knockdown has been a standard technique since the discovery of RNAi to reduce the expression level of a gene of interest. The method is, however, not always controllable due to unknown reasons. mRNA microarray analyses identified very similar sets of transcripts enriched in binding sites for highly expressed endogenous miRNA, suggesting a substantial functional redundancy within four hAGO proteins.[88](#wrna1356-bib-0088){ref-type="ref"}, [89](#wrna1356-bib-0089){ref-type="ref"}, [105](#wrna1356-bib-0105){ref-type="ref"}, [106](#wrna1356-bib-0106){ref-type="ref"} In contrast, hAGO3 and hAGO4 more efficiently load exogenously expressed small RNAs than hAGO1 and hAGO2,[81](#wrna1356-bib-0081){ref-type="ref"} though their expression levels are dramatically lower compared with those of hAGO1 and hAGO2.[89](#wrna1356-bib-0089){ref-type="ref"}, [107](#wrna1356-bib-0107){ref-type="ref"} A simple explanation is that hAGO3 and hAGO4 preferentially load abundant small RNAs in the cell to maintain the specific pattern of the homeostatic gene expression. On the other hand, hAGO1 and hAGO2 may be susceptible to a subtle change of miRNA members in the cell, thereby taking the helm of the cell development and differentiation stage as well as responding to any intruders carrying foreign RNA. Indeed, hAGO2 loads the circulating RNAs, in human plasma, that originate from bacteria, fungi, and other species.[108](#wrna1356-bib-0108){ref-type="ref"} Recently, aberrant expression levels of hAGO1 and hAGO3 were observed in the coxsackievirus B3‐induced myocarditis tissue.[109](#wrna1356-bib-0109){ref-type="ref"} Moreover, the implication of hAGO proteins in the regulation of mRNA splicing[110](#wrna1356-bib-0110){ref-type="ref"}, [111](#wrna1356-bib-0111){ref-type="ref"} and of long noncoding RNAs[112](#wrna1356-bib-0112){ref-type="ref"}, [113](#wrna1356-bib-0113){ref-type="ref"} implies other aspects of them. Each individual hAGO protein may possess unique roles under specific conditions and/or disease and in different biological processes other than RNA silencing. Given that the loaded guide RNA shapes the character of the AGO protein regardless of the eventual function, a better understanding of how AGO proteins load duplexes would decipher the mechanism of diseases and would provide a solid foundation for new strategies to control the AGO proteins toward next‐generation gene silencing tools and RNAi therapeutics.
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